A
Genomics has provided an invaluable toolkit to aid in the understanding of organism responses to environmental changes at all levels of biological organization, from molecular to organismal. In this respect, proteomic and transcriptomic analyses are complementary approaches. Whilst much variation in mRNA expression is biologically meaningful, protein expression is more likely to determine the phenotype of an organism [1] . In fact the proteome, the full complement of proteins expressed by the genome of a cell, a tissue or an organism at a speci c time point [2] , can be regarded as a molecular phenotype [3] as changes in protein expression patterns will have a direct e ect on organismal physiology and tness [4] . e analysis of the proteome can therefore be an invaluable method to advance our understanding of the mechanisms underlying phenotypic responses to environmental change in ecologically relevant species.
However, the main thrust of discovery-driven genomics and particularly proteomics work is oriented towards wellknown model species. In ecologically relevant non-model species, a greater number of investigations on the mechanisms underlying phenotypic change have focused on the transcriptome. Recent work has demonstrated that new hypotheses can be tested in proteomics studies in non-model organisms, opening the possibility of "addressing old problems, from a new perspective" (reviewed in [5] ). e present paper demonstrates the application of an exploratory proteomics approach in the study of the physiologically important stress response in a non-model Antarctic species.
Non-lethal heat shock results in the activation of the cellular stress response (CSR), a proposed universal response which comprises a series of biochemical changes aimed at maintaining homeostasis [6] . is mechanism protects cells from sudden uctuations in the environment, and ultimately reacts to the threat of macromolecular change [7] . Some of the best understood components of the CSR are heat shock proteins (HSPs), which play a housekeeping role in the normal functioning of the cell, but are best known for being important molecular mechanisms of stress tolerance [8] . Proteomic studies of thermal stress in marine organisms have thus mainly focused on the expression of HSPs, using 1 -DE or 2-DE (for a review of proteomic studies in the marine environment see [9] ). e expression of the inducible HSPs in the presence of a thermal challenge has been identied in most species studied to date, leading to the proposal of a universal response. However, some Antarctic species have been found to be an exception (reviewed in [10] ) and while others are able to induce HSP expression in response to elevated temperatures [11] , the experimental induction temperature of the inducible form of HSP70 in these animals is in excess of +8°C, a temperature never experienced in the Antarctic marine environment. Whilst some other components of the CSR may be present in Antarctic species, information is currently very limited, and it is possible that other mechanisms di er. Exploratory proteomics approaches, which look at a large number of proteins at any one time of which no a priori knowledge is needed, will likely aid in the identi cation of such mechanisms.
In the Antarctic marine environment, much work has been conducted on the clam Laternula elliptica (King and Broderip), a keystone species of the Antarctic marine ecosystem [12, 13] . As a highly abundant infaunal lter-feeder, it plays a signi cant role in benthopelagic coupling [13, 14] . It is a relatively large mollusc, growing over 100 mm in shell length [15] and this, allied to its abundance and experimental tractability, makes it an attractive candidate for understanding Antarctic marine ectotherm responses to environmental perturbation. L. elliptica is also one of the most thermally sensitive species studied [16] [17] [18] . It su ers 50% failure in its ability to burrow, an essential biological activity, under acute exposure at 2-3 °C, and complete loss at 5°C. L. elliptica moves vertically in the sediment during normal activity cycles, and needs to rebury when ploughed from the sediment by ice disturbance, hence the ability to bury is considered an essential biological function [19] . e upper lethal temperature was estimated around 9°C when animals were warmed at a rate of 1-2°C per week [16] . Much of the work carried out to study the response to elevated temperatures in L. elliptica initially concentrated on physiological responses.
is has identi ed the thermal limits and changes in metabolism in response to temperature and oxygen availability [16, 17, 20] . Other temperature related studies included investigations on burrowing capacity [19] , seasonal energetics [21] , lipid radical [22] and reactive oxygen species generation [23] . Molecular analyses included the study of HSP expression [11, 24] , and the study of antioxidant systems with the characterization of a glutathione s-transferase (GST) [25] and two peroxiredoxin genes [26] . More recently, a microarray was developed to study gene expression changes on individuals exposed acutely to elevated temperatures [27] . is, together with a 454 sequencing project [28] have signi cantly increased the genomic resources available for this species. At the protein level, an investigation of the e ect of thermal stress on antioxidant defense systems using enzyme assays has been carried out [29] . To our knowledge, there are currently no studies on global patterns of protein expression in this species and the techniques used in the present study have not been applied to this, or any other Antarctic marine invertebrate.
In the present study, the proteome of the Antarctic clam Laternula elliptica was analysed by two dimensional gel electrophoresis (2-DE) and mass spectrometry (MS) a er exposure to elevated temperatures in vivo. Changes in protein expression patterns in response to di erent levels of heat stress were analysed with the aim of i) determining whether exposure to elevated temperatures has an e ect of protein expression and ii) identifying proteins associated with the stress response, which may be candidates for stress biomarkers in this species, a representative example of Antarctic marine ectotherms.
2.Material and Methods

Sample collection
L. elliptica specimens were collected by scuba divers at a depth of 10-18m in February 2006 at North Cove, Rothera Point, Adelaide Island, Antarctic Peninsula (67°34'07"S, 68°0 7'30"W) and shipped to the British Antarctic Survey facilities in Cambridge, UK. e animals were allowed to acclimate for four weeks in a closed water system at water temperature and salinity of 0±0.5°C and 34±1 p.p.t. respectively. A marine microalgae concentrate (Nannochloropsis, Reed Mariculture) was added to the water on a weekly basis. All necessary permits were obtained. is work was approved by the British Antarctic Survey ethics review committee and meets the requirements of UK legislation. All work on living organisms was conducted under the Antarctic Act (1994) Section 3 permit issued by the UK Foreign and Common-wealth O ce. No endangered or protected species were used.
Heat shock experiments
At the end of the acclimation period, a control and two heat shock experiments were performed at 0, 3 and 9°C as described in an earlier transcriptomic study [27] . Brie y, seawater temperature was raised gradually from 0˚C to 3˚C±0.5˚C or 9˚C±0.5˚C over a 12 h period, a er which the animals were le in contact with a sand surface to allow them to burrow. e temperature was maintained at a constant value for 12 h. Treatment temperatures were selected based on previous studies [19] where L. elliptica was shown to su er 50% failure in essential biological activities (burrowing) at 3˚C and survive only a few days at 9˚C. e ability to burrow is therefore a measure of the physiological status in this species, thus animals at 3°C were allowed to bury to determine whether di erences observed at the organismal level could be detected at the molecular level. Immediately a er the treatment, the number of buried animals was noted, individual animals were dissected and samples from mantle tissue were taken, snap frozen and stored at -80ºC. e procedure was repeated for a control group, for which seawater temperature was maintained constant at 0˚C±0.5˚C. Approximately 90% of the animals reburied at 0°C, 25% at 3°C and none at 9°C (n = 10, 20 and 10 for 0, 3 and 9°C respectively). Animals exposed to 3°C were divided into two groups named 3°C buried and 3°C not buried. No mortalities were recorded. e choice of mantle material was based on previous work which showed that this tissue was one of the most responsive to heat challenge [11] and it also allowed for direct comparisons with a previous gene expression analysis carried out in the same population, tissue and experimental condition [27] .
Experimental design for 2-DE
Six 2-DE gels could be run at the same time in the electrophoresis chamber. is in uenced the design of the experiment. Six independent biological replicates (i.e. six individual animals) were used per treatment, with the exception of the 3°C buried treatment where only ve replicates were available (i.e. only ve animals buried during the 3°C exposure period). A subset of all biological replicates was run more than once to generate technical replicates, which allows estimation of experimental variation due to the technique itself. Eight out of the total 23 animals across treatments were run on more than one gel to generate technical replicates. In order to determine whether there was a batch e ect, replicates were run on the same day and on di erent days (i.e. same or di erent batches of six gels, the maximum allowed by the chamber). Animals 13, 15 and 19 were run on two di erent days, and animals 1, 7, 9, 17 and 23 were run twice within a day and again on a separate day, permitting one within day and two between day estimates.
Preparation of protein mixtures
Approximately 30 mg of mantle tissue was crushed in N 2 (l) with pestle and mortar, and the powder homogenised in 700 μl lysis bu er (7 M urea, 2 M thiourea, 4% CHAPS, 3% DTT and 2% IPG ampholytes) with a sonicator (Branson digital sonicator 250). A er centrifugation at 4ºC for 30 min (15000g), the pellet was discarded and the supernatant stored at -80ºC. Protein concentrations were measured with a 2-D Quant Kit (GE Healthcare) and a total of 90 µg (for analytical gels) or 300 µg (for preparative gels) of protein from each individual was cleaned using a 2-D Clean-Up Kit (GE Healthcare) to remove interfering substances (salt or charged detergents) for the rst dimension isoelectric focusing (IEF).
2-DE electrophoresis, silver staining and image analysis
e rst dimension, isoelectric focusing (IEF), was carried out on immobilized pH gradient strips (pH 3-10NL/24cm, GE Healthcare) with a horizontal electrophoresis apparatus (Ettan IPGphor, GE Healthcare). Strips were equilibrated in two steps in 10 ml equilibration bu er (6M urea, 2% (w/v) SDS, 75 mM Tris-HCl (pH 8.8), 30% glycerol and 0.001% (w/v) bromophenol blue). In the rst step, the strips were washed in equilibration bu er containing 100 mg DTT for 15 min with light shaking. In the second step, the rst equilibration bu er was decanted and the wash procedure repeated with an extra 10 ml equilibration bu er with 250 mg iodoacetamide replacing the DTT. A er equilibration, strip were loaded along the top of the 12.5% DALT pre-cast polyacrylamide gels and transferred to an Ettan Dalt six Electrophoresis System (GE Healthcare) according to manufacturer instructions (for further details see [30] ). Silver staining of the analytical gels was used to visualize protein spots using a modi cation of the protocol developed by Heukeshoven and Dernick [31] . For mass spectrometric analysis of candidate spots, gels were stained with a modi ed protocol [32] , compatible with mass spectrometry.
Silver staining has a linear range up to two orders of magnitude in terms of quantitative response [33, 34] . is limited dynamic range compared to uorescently labeling methods is in part due to the well known "bleaching" e ect of silver staining on spots for highly abundant proteins. A er spot ltering, when saturated and negatively stained spots were eliminated, the di erence between the weakest and strongest spots fell within this range, as observed in a previous study carried out under similar conditions [30] . Silver-stained gels were scanned to TIFF les using an Image Scanner (Amersham Pharmacia Biotech). Progenesis Samespots v2.0 so ware (Nonlinear Dynamics Ltd) was used for gel alignment, spot detection and spot volume measurement. Visual inspection was incorporated into the ltering process as detailed in [35] . e "lowest on boundary" method for background subtraction was applied, as recommended by Nonlinear Dynamics Ltd. For analysis, the total number of fea-tures on the gel (including spots and artifacts) was reduced from over 1000 to 264 spots. In each treatment, only spots present in >50% of the animals, and all technical replicates in available, were selected. Absolute spot volumes were normalised using a modi cation of a method previously described for one channel microarray data [36] . e gel with the lowest median spot volume was selected as a baseline. A normalisation factor was calculated for each gel by dividing the mean spot volume in the baseline gel (i.e. for the total number of spots in the gel retained a er ltering) by the mean spot volume of any gel to be normalised. Individual spot volumes within a gel were multiplied by the normalisation factor calculated for that gel. Normalised spot volumes were log 2 transformed for further analysis. Normalisation removes variation arising from di erent overall staining intensities between gels and allows comparison of individual spot volumes between gels.
Statistical analysis
Data were analysed to identify individual spots for which volume showed statistically signi cant between treatments, as well as to test for an overall treatment e ect on global protein expression. In addition, sources of variation were analysed. Statistical analysis was carried out using R version 2.8.1 [37] . Normalised spot volumes were used throughout the analysis. e log 2 transformed normalised spot volumes gave acceptable t to normality and homogeneous variance values.
Treatment comparisons
Comparisons between treatments were performed on a spot by spot basis and also using a global protein expression approach. A spot by spot analysis was performed to determine those spots with a statistically signi cant treatment e ect. e characteristics of the dataset (unbalanced design with some animals replicated in multiple days) determined the statistical method applied. Two linear mixed e ects (lme) models were tted to the data for each spot and implemented with the lme package in R [38] . As multiple animals were sampled per treatment, and a number of them replicated over several days, Animal and Day were included as random factors. For the rst model, Treatment was not included as a factor, and for the second model it was speci ed as a xed factor whilst Animal and Day remained in the model as before. To test the null hypothesis that for each individual spot there are no di erences in spot volume between treatments, the t of the two models was compared for each spot using a likelihood ratio test implemented with the ANOVA (analysis of variance) function in R. e Akaike information criterion (AIC) and the log likelihood ratio and associated probability were used to compare the models. A p-value of less than 0.05 was considered statistically signi cant, revealing di erences between treatments in the normalised spot volume of that particular spot. For those spots showing statistically signicant di erences between treatments, further comparisons between treatments were made in a pairwise manner by tting an lme model to each spot using Restricted Maximum Likelihood (REML). A single model was considered in which Treatment was speci ed as xed and Day and Animal as random factors. Since multiple tests were carried out, false discovery rate (FDR) corrections were applied to account for potential type I errors a er Benjamini and Hochberg [39] . Fisher´s method for combining probabilities was also applied to the 264 p-values from each pairwise treatment comparison [40] . is method combines the a priori p-values of all the spots into a single p-value for the data as a whole, which is then compared with the chosen signi cance level α value. If the combined p-value is statistically signi cant, it can be concluded that for at least one of the spots in the list, the null hypothesis that all individual spots show no di erence between treatments is false; the best candidates for showing a treatment e ect being those with the lowest pvalues.
An additional complementary approach to provide evidence of treatment e ects on global expression patterns was to determine whether there is a correlation between treatments in patterns of protein expression compared with the control. A 2x2 contingency table was created with the number of observations for which spots were 1) up-regulated in both treatments compared to the control, 2) down-regulated in both treatments , 3) up-regulated at 3°C, then downregulated at 9°C and 4) down-regulated at 3°C, then upregulated at 9°C. Fisher's exact test was used to test for association in the 2x2 table.
Analysis of technical variation
Analysis of technical variation was carried in two ways. Firstly, to test for di erences in between and within day technical variation, factorial two-way ANOVAs were carried out on normalised spot volume with the variables Spot and Gel as random factors for each animal for which technical replicates were available. Spot represents all selected spots within a gel and Gel represents technical replicates for a single animal. e interaction Spot*Gel thus measures the technical error. Separate ANOVAs were carried out to extract the within day and between day technical errors (i.e. the same animal run on di erent gels on the same day or on di erent gels on di erent days). e ratio of the mean square of the two measures of the technical error (within and between days) and associated probabilities were calculated. Pvalues less than 0.05 in a variance ratio test indicate statistically signi cant di erences in the technical variation measured between and within days. Secondly, for all animals replicated within or between days, the coe cient of determination (r 2 ) of normalised spot volume was calculated for each replicated animal across spots between and within days. is measures the technical error between and within days. Values can be compared with those reported in previous studies.
Mass Spectrometry
Gel preparation and mass spectrometric analysis were carried out at the mass spectrometry facility at the Cambridge Center for Proteomics at Cambridge University. All protein spots showing statistically signi cant changes between treatments in a priori tests were manually excised from the gel and subsequent sample preparation was performed in a MassPrep Station (Micromass). Brie y, proteins were reduced and alkylated with dithiothreitol (DTT) and iodoacetamide (IAA) and subjected to enzymatic digestion with porcine trypsin (Promega). A er digestion, 10 μl of supernatant was pipetted into a sample vial and analysed by LC-MS/ MS. All LC-MS/MS experiments were performed using an Eksigent NanoLC-1D Plus (Eksigent Technologies, Dublin) HPLC system and an LTQ Orbitrap Classic mass spectrometer ( ermoFisher). Separation of peptides was performed by reverse phase chromatography with the conditions described in [41] . e Orbitrap was set to perform in data dependent acquisition (DDA, Top3) mode where all m/z values of eluting ions were subjected to a survey scan in the Orbitrap mass analyzer, set at a resolution of 7500 over an m/z range 360-1500. Peptide ions with charge states of 2 + and 3 + were then automatically isolated and fragmented in the LTQ linear ion trap by collision-induced dissociation and MS/MS spectra were acquired. Resulting MS/MS spectra were processed using Bioworks Browser (version 3.3.1 SP1, ermoFisher) and resulting mgf les were submitted to the Mascot search algorithm (version 2.2, Matrix Science) and searched against the NCBI (all entries) database with the following parameter settings: a xed modi cation of carbamidomethyl cysteine, a variable methionine oxidation and two miscleavages. Average atomic masses were used in the searches and a tolerance of 0.8 Da for fragment ions and 2.0 Da for precursor ions was allowed. Putatively identi ed proteins were examined and only protein matches with two or more unique and statistically signi cant peptide matches were accepted. When di erent isoforms/homologies were identi ed, these were ranked according to their protein score and the match with the highest score was accepted. Observed molecular weights (MW) based on the spot position on the gel were used for con rmation with a 10 kDa tolerance. To further validate the identi cations, all peptide sequences from each spot were used to search against a local L. elliptica database previously generated using 454 pyrosequencing (peptide against nucleotide database) [28] .
ose contigs that had a match to one or more peptides were then identied using sequence similarity searching [42] against the NCBI nr database.
Results
Analysis of technical variation
Results of the analysis of within and between day technical variation are shown in Table 1 . Apart from animal A1 there is no clear evidence that the mean square for between day replicates is signi cantly greater than that within days. For both of A9 and A17, one comparison is statistically signicant and one is not. Unexpectedly, for A7, technical variation measured within days is greater than that measured between days, though this is not statistically signi cant.
ere is therefore no indication that technical variation is consistently higher between days, but appears to be sample dependent (i.e. not batch or treatment dependent). e coe cient of determination (r 2 ) for normalised spot volume for each animal for which technical replicates were run ranges from 0.97 to 0.92 for between day technical error, and from 0.97 to 0.95 for within day technical error.
Comparisons of spot volumes between treatments
Mean protein expression levels in treatment groups containing six animals each ( ve in the case of 3˚C buried) were compared. Of the 264 spots that passed quality screening, 14 ( Figure 1) showed statistically signi cant di erences in expression between at least two of the treatments at a p-value less than 0.05 in a priori tests (Table 2 ). e AIC for both models, log likelihood ratios and associated p-values are indicated for each spot. e AIC [43] balances the number of parameters in the model, against the maximised likelihood for the model, and can be used to determine the simplest model that best explains the data. Given a dataset and several competing models to explain it, the model with the lowest AIC can be considered the best. For the spots shown, AIC values are lower when the treatment e ect is included in the model. us the model including treatment e ect can be considered the preferred explanation for the data. A er FDR corrections, none of the 14 spots showing statistically signicant di erences between treatments in a priori tests remain statistically signi cant. However, Fisher´s method for combining probabilities is statistically signi cant (p=0.04) for one of the pairwise treatment comparisons suggesting that at least one of the 264 null hypotheses of no treatment e ect is false. e best candidates for further analysis would be the spots with the lowest p-values. Some of these will be false positives but this should not be of great concern in exploratory research, as they would be eliminated by repeat experimentation [44] . REML statistics (t-value) and associated probabilities from comparisons between treatments are shown in table 2. Mean fold changes in protein expression of each treatment in relation to the control, and to each other, are also shown for all spots showing statistically signi cant changes in expression between any of the treatments in a priori tests. More spots show statistically signi cant changes in their level of expression between 9˚C and all other temperature treatments than between any of the treatments and the control (Table 3 ). e two 3˚C treatments (buried and not buried) show the lowest number of proteins with statistically signi cant changes in expression between them.
In addition to di erences in the expression of individual spots between treatments, the analysis using Fisher's exact test suggests that there is a correlation between the treatments across spots in the direction of changes in expression in relation to the control (P<0.001 one tailed Fisher´s exact test).
at is, spots are up-regulated (or down-regulated) compared to the control in all treatments more o en than this is expected by chance, assuming random variation in direction of expression.
Protein identi cations by MS/MS
Protein identi cations by mass spectrometry were attempted only on the 14 spots showing statistically signi cant di erences between treatments prior to corrections, as the identi cation of all spots in the gel was beyond the scope of this study. Of these, four were identi ed by MS/MS (28.6%). Results are shown in table 4. All spots are found approximately within their theoretical MW (±10 kDa).
e four spots are identi ed as alpha tubulin, aldehyde dehydrogenase, T-complex polypeptide-1 (TCP-1) alpha subunit and enolase.
Discussion
In the present exploratory study, changes in the expression of 14 proteins out of 264 analysed in L. elliptica exposed to di erent levels of heat stress were observed to be statistically signi cant in a priori tests. Although these do not remain statistically signi cant a er application of the FDR method, Fisher's combined probability test and application of the Akaike information criterion provide evidence of a treatment e ect. In addition, there is a statistically signi cant correlation between the treatments in the up-and downregulation of spots in the treated animals compared to the control, which also provides evidence of a treatment e ect. Environmental changes are likely to cause coordinated changes in the up-or down-regulation of di erent proteins, and may be a means of discovering protein networks underlying physiological or adaptive response as observed in a 2-DE study of the e ect of mutational change in yeast [45] . Four of the 14 proteins were identi ed by mass spectrometry.
e potential signi cance of the observed changes is explained and candidates for further analysis are proposed.
e coe cient of determination (r 2 ) for normalised spot volume for each animal for which technical replicates were run (0.92 to 0.97) was within the range reported in previous studies in bivalves [30, 46] , indicating that technical variation was consistent with expectations from 2-DE analysis. Figure 1 . Representative 2DE gel from L. elliptica mantle tissue exposed to control conditions (0°C). e isoelectric point (pI) and molecular weight (MW) in kilodaltons are indicated on the horizontal and vertical axes respectively. Arrows indicate the 14 spots that showed signi cant di erences between at least two of the temperature treatments (3°C and 9°C) or the treatments and the control. Table 2 . Results from the lme tests for model comparisons showing spot numbers for spots with expression levels signi cantly di erent between treatments are given, followed by the Akaike information criterion (AIC) for models 1 (no xed e ect) and 2 (treatment as a xed e ect), log likelihood ratios (L. Ratio) and associated a priori p-values.
Spot
In a previous study of transcriptomic responses to heat stress in L. elliptica exposed to the same 3°C treatment described herein, a total of 160 unique transcripts, 7.5% of the total number of clones retained for analysis, showed statistically signi cant changes in expression between treatments [27] . e reasons for the disparity between the transcriptome and proteome studies in the number of statistically signicant changes in expression could be related to the subset of transcripts and proteins analysed. Only a subset of the transcriptome was printed on the array (8500 clones) and likewise, only a subset of the total proteome expressed at any one time can be separated under the same running and preparation conditions. It is possible that the set of transcripts on the arrays by chance showed relatively more di erences between treatments than did the set of proteins visualised by 2-DE. In addition, it is likely that some changes occurring in mRNA expression do not result in changes at the corresponding protein level. Several studies have shown that predictions on protein expression levels based on changes in the corresponding mRNA abundance are not always met (reviewed in [5] ). It is also possible that there is a time lag between the generation of mRNAs and subsequent protein production in response to changes in temperature. However, when taken as a proportion of the total number of proteins changing in expression between the treatments, the percentage of identi ed proteins (approximately 29%) was higher than that of identi ed transcripts (17% in the microarray and 454 sequencing work previously referred to).
A higher number of spots showing changes in expression in the 9˚C treated animals when compared to other treatments could be expected. At 9˚C, the critical temperature has been exceeded and the transfer to anaerobic metabolism has occurred [16] Table 3 . Mean fold changes (FC) in protein expression of each treatment in relation to the control, and to each other for L. elliptica mantle tissue. Results are shown for signi cantly up-or down-regulated spots between at least two of the treatments in a priori tests. Positive and negative values indicate up-and down-regulation respectively. Restricted Maximum Likelihood statistics (t-value) and associated probability (P) are also shown. Bold probabilities indicate signi cant di erences between the treatments in the level of expression of a given spot (P<0.05). "B", buried; "NB", not buried.
tistically signi cant changes in expression. However, the di erences in physiological performance (buried and not buried) re ected at the organismal level was not detected at the protein level (only one protein showed statistically signi cant di erences between the 3˚C buried and not buried groups, table 3). Of the proteins identi ed, aldehyde dehydrogenase and the glycolytic enzyme enolase changed in their level of expression in L. elliptica exposed to elevated temperatures. Both proteins are part of the minimal stress proteome of cellular organisms, a set of proteins that participate in di erent aspects of the cellular stress response and are ubiquitously conserved in all three super kingdoms [6] .
In the absence of stress, aldehyde dehydrogenase is an enzyme in the glycolytic pathway. However, under acute stress, it acts as an oxidoreductase, involved in redox regulation by detoxifying aldehydes. e induction of this protein may be necessary for generating reducing equivalents (NADH, NADPH) that are needed for cellular antioxidant systems, or to respond to the energetic requirements of protein degradation, protein chaperoning, and DNA repair [6] . Both are in accordance with the observed decrease in aerobic capacities [20] and the induction of antioxidant defenses at 3˚C [27] . Tubulin is a cytoskeletal protein and main constituent of microtubules, which consists of many isoforms [47, 48] . e upregulation of tubulin in clams exposed to 3˚C is consistent with the induction of cytoskeletal protein transcripts observed in heat stressed L. elliptica [27] . It is also likely to be associated with the changes in the expression of the fourth protein identi ed, T-complex polypeptide-1 (TCP-1), a member of the TRiC family which functions as a chaperone in eukaryotes directing folding of cytoskeletal proteins (reviewed in [49] ) and is key in the biogenesis of tubulin in the cytosol [50] . It is thus possible that the upregulation of TCP-1 responds to the demand for tubulin and, based on the gene expression data previously cited, other cytoskeletal proteins. e induction of TCP-1 is likely linked with the induction of a prefoldin transcript observed at the level of gene expression [27] . Prefoldin is a molecular chaperone complex which transfers target proteins to chaperonins, promoting folding of newly synthesised or denatured proteins. e biogenesis of the cytoskeletal proteins actin and tubulin involves the interaction of nascent chains of each of the two proteins with prefoldin and their subsequent transfer to the cytosolic chaperonin containing TCP-1 [50, 51] . TCP-1 was highly upregulated during heat stress in the coral Montastraea faveolata [52] . Owing to the absence of inducible HSPs at environmentally relevant temperatures, TCP-1 deserves further attention as a potential heat stress induced chaperone in L. elliptica. Its role in other Antarctic species and potential use as a marker for thermal stress in the Antarctic marine environment awaits examination.
e number of identi ed proteins in this study using protein databases (4 out of 14 spots) re ects the amount of information available in public databases for L. elliptica (18 proteins at the time of writing), which has also been a feature in previous work in this species [27, 28] . Identi cations in the Table 4 . present study were limited to highly conserved sequences. Searches for the 14 proteins showing a priori statistically signi cant di erences between treatments against the 454 L. elliptica transcriptome did not result in further proteins being identi ed but con rmed the MASCOT results, increasing con dence in the identi cations. Since the individuals used for 454 transcriptome analysis were not exposed to stress, it is possible that genes involved in the stress response are underrepresented. is would emphasise the desirability in transcriptomics studies of constructing databases derived from material exposed to contrasting experimental treatments. Identifying proteins associated with speci c environmental stressors, may thus require the generation of further transcriptomic resources.
Conclusions
In summary, this exploratory study provides evidence for a treatment e ect due to experimentally induced heat stress at the protein level in L. elliptica. Four candidate proteins have been identi ed, providing evidence of the activation of a cellular stress response in L. elliptica at 3°C, and a candidate spot (TCP-1) that deserves further attention as a potential stress marker in this species. Successful identi cations will likely increase as genomic resources rapidly increase through the development of next generation sequencing projects. A strong statistically signi cant correlation in the pattern of expression of spots in the treated animals compared to the control was observed. is is an interesting approach, which might be investigated more generally where a priori values are not statistically signi cant, as a means of identifying treatment e ects and coordinated regulation of protein networks underlying the physiological response.
